This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 



BLACK BORDERS 

TEXT CUT OFF AT TOP, BOTTOM OR SIDES 
FADED TEXT 
ILLEGIBLE TEXT 
SKEWED/SLANTED IMAGES 
COLORED PHOTOS 

BLACK OR VERY BLACK AND WHITE DARK PHOTOS 
GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



1 



THIS PAGE BLAMK (uspt^ 



XP-001001121 

Interface modification for increased fracture toughness in 
reaction-formed yttrium aluminum garnet/alumina 
eutectic composites 

Luke N. Brewer/ 0 Derrick P. Endler, b) Shani Austin*' and Vinayak P. Dravid 

Department of Materials Science and Engineering, Northwestern University; Evanston, Illinois 60208 

Joseph M. Collins 

Saphikon Inc., Milford, New Hampshire 03055 ^ ^ _ ^ q ^ J <j> j>jp 

(Received 10 May 1999; accepted 13 July 1999) ^ m O 7* - 3 P S Z 

The validity of controlling inierfacial toughness in reaction-formed composites was 
explored using solid-state reaction processing and microanalysis techniques. A variety 
of rare-earth oxides was added to a yttrium aluminum garnet (YAG)/alumina powder 
mixture and then melted in air. Some melts retained the crystallography and 
microstructure of the pure, binary Y AG-alumina eutectic. Using scanning transmission 
electron microscopy in conjunction with energy dispersive X-ray spectroscopy, 
rare-earth ions were observed both to segregate to the YAG/alumina interface and to 
form a third phase. Some evidence of increased crack deflection at these interfaces was 
observed via indentation fracture. 



I. INTRODUCTION 

The production of tough, reliable ceramic composites 
is a primary thrust of structural ceramics research. In 
brittle-brittle composites, a common approach for in- 
creasing fracture toughness has been to weaken the in- 
terface between fiber and matrix or between layers by 
coating the fiber with weakly^bonding oxide species, 1 ' 2 * 3 
refractory metals, 4 easy-cleaving oxides,^ 6 or porous 
structures. 1 ' 7 In each case, the strategy is to promote 
crack deflection and interface delamination at the fiber- 
matrix interface or at the coating-fiber interface. This ex 
situ toughened approach has had some success, espe- 
cially in the case of mqnazite-coated fibers 1 and other 
AB0 4 3 coatings on fibers. However, for both the. weakly 
bonding coatings and easy-cleaving oxide coatings, ther- 
* modynamic stability and phase compatibility at high 
temperature are of major concern in the usefulness of the 
resultant composite. 2,8 

Reaction-formed or in situ toughened oxide compos- 
ites, such as oxide-oxide eutectics, may be able to cir- 
cumvent the chemical compatibility problems, but must 
still be engineered to increase the fracture toughness. 
Oxide-oxide eutectics have demonstrated thermody- 



TABLE I. Starting melt compositions. 
Starting composition (wt%) 



Target interphase 
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80.0* YAE 
1.79b CaO 
18.3% WOj 

85.0% YAE 
3.0% CeO, 
12.0% AUOj 

56% YAE 
20% CaO 
24% Al 2 0, 

86% YAE 
3.0% Pr 2 0, 
11% Al 3 0 3 

86% YAE 
3.0% Nd 2 0, 
n%Al 2 Oj 

86% YAE 
8.0% La 2 Oj 
6.0*Nb 2 O, 

85% YAE 
3.0% U 2 0, 
I2%AU0 3 

, 86% YAE . 
6.0%Ln 2 Oj 
8.b%Ta 2 Oj 

86% YAE 
6.0% Y,0,. 
8.0%Nb2O 3 

87% YAE , 
5.0% Y,0, 
8.0%Ta 2 O, 



CaW0 4 

CeAl u 

CaAl.jC 

Pr,AI, 
Nd>l 
LaNbOj 
L&jAl 
UTa0 4 
YNbO 
YTaO 
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namic stability and phase compatibility to temperatures 
beyond 1700°C. 9 For example, the directionally solidi- 
fied, YAG/alumina eutectic (YAE) has shown promise in 
the past as a high-temperature, reaction-formed, ceramic 
composite. 10 YAE has shown creep resistance and high- 
temperature strength (1650 °C) superior to that of single- 
crystal sapphire. 11 YAE is chemically stable up to the 
eutectic point of 1826 °C in air. 12 In previous work, how- 
ever, YAE has shown unacceptably low fracture tough- 
ness values. 13 

This study explores the viability of creating a weak 
YAG/alumina interface during eutectic formation from 
melt solidification. Rare-earth oxides are introduced into 
the melt as a means of achieving either a weak interphase 
at the YAG/alumina interface or a weakened YAG/ 
alumina interface via large-ion segregation. Interface 
weakening via additive segregation was previously ex- 
plored in YAG single-crystal/alumina powder compacts 



TABLE H. Identification of primary melt phases using x-ray 
diffraction. 


Target interphase 


Phases present in XRD 


CaW0 4 

CeAl n O u 

CaAl l2 O iy 

Pr,Aijb c 

Nd,Al r 6. 

LaNb6 4 " 

La,AI.A 

LaTa6 4 

YNbO., 

YTa0 4 


YAG/AUCVCaWd 

YAG/AUOj 

YAG/AUOj 

YAG/Al 2 oj 

YAG/AljO., 

YAG/AKOj 

YAP/AUO, 

YAP/AUO, 

YAP/AKO^ 

YAP/Al]o 3 . 



by Sambasivan el al u The current approach requires 
that the weak interface should increase the room- 
temperature fracture toughness of the composite while 
maintaining the eutectic microstructure of the binary eu- 
tectic that is necessary for the desired high-temperature 
properties. In this research, three questions are being ad- 
dressed: (i) What is the effect of a small ternary addition 
upon the microstructure and crystallography of the stable 
binary YAG/alumina eutectic?, (ii) Will oxide additives 
segregate to the YAG/alumina interfaces?, and (iii) Will 
oxide additive segregation enhance crack deflection at 
the interfaces? 

' i 
II. EXPERIMENTAL 

In the absence of detailed phase diagrams, an explora- 
tory series of melt-cooled YAG + alumina + rare-earth 
oxide additive composites were produced, as shown in 
Table I. The starting powders were placed into an Mo 
crucible and heated in a radio frequency (rf) induction 
furnace to 1950 °C under flowing argon. The samples 
were then air cooled to room temperature. 

To answer the above questions about this processing 
approach, a number of structural techniques were used to 
analyze the melts. X-ray diffraction (XRD) and back- 
scattered electron images (BSE) were used to verify the 
crystalline identity of the phases present in the melt and 
to verify the existence of a eutectic microstructure. 
Scanning transmission electron microscopy (STEM) in 
conjunction with energy dispersive x-ray spectroscopy 
(EDX) was employed to address the segregation of 
additives to the interface on a nanometer scale. Lastly, 





FIG. I. (a) SEM-BSE image of "chinese script." eutectic microstructure in YAE-CeAl n O l8 . Bright areas indicate Ce-rich phases, (b) SEM-BSF 
- : =- v*n vmka nw th. | aw hlnrlrlil™. n«n, of nro-euiectic alumina 
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micro-indentation was used to ascertain what effect 
interfacial segregation had on the interfacial crack 
behavior. 

A portion of each melt-cooled sample was crushed 
into a powder and placed into an x-ray diffractometer to 
determine the crystalline phases present in the melt. 
Scanning electron microscope (SEM) samples were cut 
from the melt and petrographically prepared for micro- 
structural characterization, using a Hitachi S-570 SEM. 
Transmission electron microscopy (TEM) samples were 
cut, petrographically thinned, and then Ar ion-milled to 
electron transparency. STEM-EDX microanalysis was 
performed using the Hitachi HF2000 c-FEG-TEM/ 



STEM. Indentation studies were performed by making 
Vicker's indentations on polished samples using |a 
diamond-tipped microindenter with 1-kg load and 10-s 
hold time. 



111. RESULTS AND DISCUSSION 

A. Microstructural analysis 

Powder XRD spectra from the ten systems revealed 
partial success in retaining the YAG and alumina phases 
in six of the ten different melt compositions (Table II). 
The other four systems were composed primarily of yt- 
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FIG 2 (a) STEM-EDX profile across YAG/alumina interface in YAE-Pr^O, system, indicating segregation of Pr ions to the interface, 
(b) STEM-EDX profile across YAG/alumina interface in YAE-CaW0 4 system, indicating segregation of VV ions to the interface, (c) EDX spectra 
from YAG phase 60 nm away from the interface demonstrating a finite solubility of Pr in YAG. (d) EDX spectra from alumma phase 60 nm away 
from the interface showing no apparent solubility of Pr in alumina. 



trium aluminum perovskite (YAP) and alumina. Of the 
ten systems processed as melts, only the YAE-CaWO 
! system showed evidence of the target interphase in the 
powder XRD data. It is possible, however^ that targe! 
nterphases ex.st in the other nine systems, but in quan- 
tities too small to be detected by XRD. 
Back-scattered electron images from the SEM dis- 

£r n , ^ ° f microstructure ^ for the various sys- 
tems. Only the systems which showed both YAG and 
Al O phases ,n the XRD data possessed a eutectlc, 
Chinese senpt m.crostructure with small regions of 
addmve-nch ox.de [Fig. 1(a)]. Additive-rich interphases 
were observed a. some, but not all. interfaced he 
eutectic m IC rostructure. Samples with the YAP phase 

r?L Sen .S SeS f h d , a mUCh C ° arSer ' faceted "^structure 
Sen tL 3rge regi ° nS ° f 3 P ro - e "t^,ic phase 
present. The m.crostructure of samples also varied with 

LSVaP meU ' Par,iCU,ar,y f ° r thC ^ ems co " 
The diversity of microstructures and phases within the 
composites demonstrates the difficulty of th^nZ 
oughenmg approach. The observation of systems con- 
a.n.ng YAG + alumina + oxide additive in the melt *i ves 

; acTcontrnr R t0 *" ° f *" for ^ 

ace control. By contrast, the dramatic departure from 

he eutect.c microstructure and phases of the other sys- 
ems demonstrates the complexity of the thermodynam- 
ics and k.net.cs. More a priori thermodynamic 
informat.on about these systems would greatly aid the 
fabr.cat.on of these ,„ sin, composites. To date, however 
Y 0 -7, o ,h cS?H emS {Y f- A1 ^-Nd 2 0 3 - and' 
gram^ pushed 0 } haVe , at W P a * a ' P^se dia- 

B. Interfacial segregation 

STEM-EDX analysis showed increased levels of rare- 
earth tons at the interfaces of several systems. Figures 
the a YAp 2 p b) n h0W STEM " EDX «"es profi.es taken f 0 
Ses^hnt f 3 "1 YAE - CaW0 <. ^sterns. Both pro- 
ves show a large relat.ve increase in the levels of Pr and 
w at the interface, respectively. In addition small 
amounts of Pr and W were detected well within m'e YAG 
Phase away from the interface, demonstrating a finite 
so ub,n ly 0 f these large ions in YAG [Fig. 2(0^0 sot 

[Fig 2( d )l '° nS W3S detCCted in the alumina P ha ^ 
The observed segregation of rare-earth ions to the 
YAG/alumina mterfaces can be understood in terms of 
he energet.es of the system as a whole. The system is 

ohaTei 0 5? ,h t YAG Ph3Se ° n °" e Side ' ^ 
Phase on the other side, and the YAG/alumina interface 

connectmg the two. The YAG/alumina interface in YAE 

■« rennrted to he an "eouilibrium " low-enerev struc- 



he energy of this interface, the segregation may substan- 
tially lower the energy ofthe crystals on either side from 
having ^ch large ions in solution, particularly in view of 

in„ S v 3 StrUC,Ure ° f alumina - Interfacial segrega- 
tion of Y and La ,ons has been observed in polycrystal- 
hne alum,na.'» These findings are in agreement with the 
observat.on that no Pr was detected in the alumina only 
20 nm away from the interface. However, the solubility 

st'teTf VAgV" YAG K iS " keCping Whh the 
s.ve use of YAG/rare-earth ion (e.g., Nd, Ce, Pr) solu- 
tions for optical materials' 9 and with recent surface 
segregatmn studies in YAG.- 0 The formation of an 
addmve-nch .nterphase, along some YAG/alumina 
boundanes prov.des further evidence for the idea that the 

exnlf 'r" 1 energy ,- iS '° Wered °y segregation « 'he 
expense of increased interfacial encrsv (Fi« 3) The sea 

relation of additive ions to the interface" is necessary 

for the m ,m f toughening approach of composite inter- 

.mlf deS1 f • ,f u°" S be made 10 se S re ^e to the 
nterface from the melt, then perhaps they will be able 
to decrease interfacial fracture toughness. To decrease the 
interfacial fracture toughness, however, the segregated 
ions must weaken the interface and no. strengthen it. 

C. Indentation response 

The cracks observed from Vicker's indentations 
showed some evidence of following the microstruc.ural 
pattern demonstrated in rhe above discussion. No in- 
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(a) (b) 
FIG. 4. (a) SEM image of large angle crack deflection at a YAG/alumina interface in the YAE-Pr,A! v O. system, (b) Bright-field TEM image of 
large angle crack deflection at a YAG/alumina interface in the YAE-Pr A Al v O r system. 



creased deflection of cracks was observed in any of 
the samples containing YAP. Samples containing YAG 
and alumina displayed some deflection of cracks in 
both the SEM and TEM [Figs. 4(a) and 4(b)], but also 
displayed areas where cracks propagated seemingly 
unimpeded. 

The deflection of cracks at interfaces may be con- 
nected with the observed segregation of ions to inter- 
faces. In Fig. 4(b), a large angle deflection of a crack is 
observed at an interface which was also determined to be 
rich in Pr content by STEM-EDX microanalysis. The 
statistics on this trend, however, are not yet sufficient to 
make definitive claims about the potential of* this ap- 
proach for increased fracture toughness in direclionally 
solidified YAE materials. Determination of the effect of 
interfacial segregation upon crack deflection will require 
further, quantitative mechanical testing in combination 
with microanalysis. 



IV. CONCLUSIONS 

In this study the validity of chemically controlling in- 
terfacial toughness in reaction-formed composites was 
explored. It was shown that even with limited a priori 
thermodynamic information, it was possible to create 
a binary eutectic + additive microstructure that retained 
the microstructure and crystallography of the pure, 
binary eutectic. In addition, rare-earth series ions were 
observed to both segregate to the YAG/alumina interface 
and in some cases to form an interphase. Some evidence 
of increased crack deflection at these interfaces was 
observed, but further mechanical studies need to be 



done to determine the extent of any possible composite 
toughening. 
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